I L-11 IS A SECRETED polypeptide originally identified by
its ability to stimulate the proliferation of the murine plasmacytoma cell line T1165 (1) . Subsequent studies have revealed that IL-11 exhibits a diversity of biological functions in vitro. These include induction of acute phase response proteins in hepatocytes (2) , induction of differentiation in immortalized hippocampal neurons (3), suppression of lipoprotein lipase activity in adipocytes (4) , and inhibition of adipogenesis in cultured 3T3 L1 fibroblasts (5) . In association with other cytokines, IL-11 exhibits a range of effects on both the proliferation and differentiation of a variety of hemopoietic cells (6) . For example, administration of IL-11 in vivo results in stimulation of megakaryopoiesis and an increase in circulating platelet counts (7) . Recombinant human IL-11 (hIL-11) is now in clinical use for the treatment of chemotherapy-induced thrombocytopenia (8) . Further antiinflammatory clinical applications of IL-11 include chemotherapyinduced oral mucositis (9), Crohn's disease, and rheumatoid arthritis (10) . Finally, suppression of IL-11 function by targeted deletion of the gene encoding the IL-11-specific receptor (IL-11R) in mice has revealed that IL-11 plays an essential role in embryo implantation. Female mice deficient in IL-11R are infertile due to defective decidualization, following implantation of the embryo (11, 12) . The expression of IL-11 and IL-11R in human uterine endometrium during the menstrual cycle indicates that IL-11 action may play an equally significant role in human female fertility (13, 14) .
IL-11 is a member of the gp130 family of cytokines (15) , characterized by the use of a common transmembrane signal transducing receptor gp130 (16 -20) . Other members of this family include IL-6, oncostatin M, leukemia inhibitory factor (LIF), cardiotrophin-1, ciliary neurotrophic factor, and a viral homolog of IL-6 encoded by the Kaposi's sarcoma-associated herpes virus. The gp130 family of cytokines exhibit both shared and unique biological activities (15) dependent upon the exact composition of the receptor complex formed. The response to some gp130 cytokines, including IL-11, requires the expression of ligand-specific receptors, which, although not directly involved in signaling, promote the formation of a high-affinity complex between the ligand and the transmembrane signaling receptor (15) . The ligand-specific IL-11 receptor (IL-11R) (21) is required for the formation of a highaffinity complex between IL-11 and gp130 (22) and results in the activation of IL-11-dependent intracellular signals. These include phosphorylation of gp130 by the Janus kinase family, phosphorylation and activation of the STAT (signal transducer and activator of transcription) family of transcription factors, activation of the MAPK cascade and activation of Src family kinases (23) (24) (25) (26) . The presence of IL-11R is required for IL-11 action in vitro and in vivo. Barton et al. (27) have shown that multiple copies of gp130, IL-11, and IL-11R are present in the ternary IL-11 receptor complex and that homodimerization of gp130 requires both IL-11 and IL-11R. This would indicate that IL-11 signals via formation of a hexameric signaling complex similar to that described for IL-6 (28). However, Neddermann et al. (28) concluded that the IL-11 receptor complex was a pentamer consisting of two IL-11 ligands, two IL-11 receptors and one gp130, suggesting that gp130 homodimerization is not involved in IL-11-mediated signaling but another, as yet unidentified, signaling receptor component is required. Finally Grotzinger et al. (29) have suggested that the IL-11/IL-11R/ Abbreviations: GST, Glutathione-S-transferase; hIL, hIL, recombinant human IL; hLIF, human LIF; IL-11R, IL-11-specific receptor; LIF, leukemia inhibitory factor; mIL, murine IL; mLIFR, murine LIF receptor; MTT, 3-(4, 5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide; SDS, sodium dodecyl sulfate; STAT, signal transducer and activator of transcription; vIL, viral IL. gp130 receptor complex may be a tetramer. In this instance, the ternary complex consists of one IL-11, one IL-11R, and two gp130 molecules. These different models of the IL-11R signaling complex may, in principle, be tested by the creation of IL-11 antagonists because they predict different usage of receptor recognition sites for IL-11 activity.
The gp130 cytokines share a common four ␣-helix bundle fold in an up-up-down-down topology (30, 31) . Extensive structural analysis and mutagenesis studies have revealed receptor-binding epitopes conserved among the gp130 family of cytokines (32) . IL-11 (33) , as well as IL-6 (34, 35) and ciliary neurotrophic factor (36, 37) have three receptor binding sites termed I, II, and III. These sites have been characterized in murine IL-11 (mIL-11) (33) . Site I enables IL-11 to bind to IL-11R, whereas sites II and III mediate binding to gp130 through two different epitopes. Site I is formed by residues in the carboxyl-terminal end of helix D and the helix A-helix B loop (38 -40) . Site II is formed by exposed residues on helices A and C (41), whereas site III is composed of residues in the helix C-helix D loop-NH 2 -terminal end of the D helix (35) . Thus, the hexameric ternary receptor signaling complex is formed by the dimerization of two trimeric complexes containing one molecule of each component. Dimerization of these trimers involves the simultaneous interaction of gp130 with two molecules of IL-11 via sites II and III and the cytoplasmic domains of gp130 are brought into opposition leading to the activation of intracellular signaling processes. It would therefore be predicted from the hexameric model that a version of IL-11, which lacked the ability to dimerize gp130, would exhibit antagonistic activity.
Barton et al. (33) defined residues critical for the binding of mIL-11 to the IL-11R and gp130. In particular, alanine substitution of tryptophan 147 (W147) resulted in normal binding to IL-11R but abolished binding to gp130 via site III. This mutant proved to be biologically inactive because it was unable to form a complex capable of initiating signal transduction (33) . In this study, we demonstrate that W147A is a high-affinity specific IL-11 antagonist. We show that W147A competitively disrupts the formation of a multimeric signaling complex in the presence of wild-type ligand. This shows that dimerization of gp130 requires site III interactions in the complex. We also show that this is accompanied by inhibition of IL-11 signaling functions in gp130/IL-11R transfected Ba/F3 cells. We go on to report that W147A also blocks IL-11-mediated activation of STAT3 in cultured primary human endometrial cells. This study shows that IL-11 signaling requires the formation of a multimeric signaling complex and that W147A is a powerful reagent for probing IL-11 activity in vitro and in vivo. W147A, therefore, has potential for the manipulation of IL-11 action in vivo including the regulation of endometrial cell function during the menstrual cycle.
Materials and Methods

Plasmid constructs
The design and construct of pIG/mIL-11R-Fc, pIG/mgp130-Fc, pGEX/human LIF (hLIF) and pGEX/mIL-11 (IL-11 wild-type and W147A mutant) plasmids have been previously described (22, 33, 42, 43) . Briefly, fragments encoding the extracellular domain of murine gp130 (44) and for amino acids 1-363 murine IL-11R (i.e. the signal sequence and the extracellular region except for the three membrane proximal amino acids) were amplified by PCR and cloned into the pIG vector containing the human rhinoviral 3C protease (HRV3C) recognition site (pIG-1 vector provided by D. L. Simmons, Institute for Molecular Medicine, Oxford, UK). cDNA fragments encoding the mature form of hLIF and the mature form of mIL-11 (amino acids 1-178) were amplified by PCR and cloned into the bacterial expression vector, pGEX (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK) containing either the 2T recognition site for thrombin or the HRV3C recognition site (33, 42) . The mutant mIL-11 DNA sequence (W147A) was created by PCR overlap using pGEX-mIL-11 as a template and specific oligonucleotide primers encoding the mutation (33) . The mutant sequence was cloned into pGEX vector and the nucleotide sequence of the construct was confirmed by DNA sequencing using a sequencing reaction kit (Perkin-Elmer, Boston, MA). The pGEX-3 C-vIL-6 recombinant expression vector containing the Kaposi sarcoma herpes virus IL-6-like gene [encoding viral IL-6 (vIL-6)] fused to the glutathione-S-transferase (GST) sequence was prepared by Hudson, K. R. (Cancer Research U.K. Growth Factor Group, unpublished data).
Expression and purification of proteins
Both mIL-11R-Fc and mgp130-Fc were expressed in human embryonic kidney 293T cells (45) by transient expression (22) . Cells were cultured in DMEM (Sigma, Poole, Dorset, UK) supplemented with fetal calf serum, 1 mm glutamine, 1 mm penicillin, 1 mm streptomycin, and 1 mm pyruvate at 37 C and 5% CO 2 . Cells were then transfected at between 50 and 70% confluence by calcium phosphate precipitation and incubated overnight at 37 C. Following a wash with fetal calf serum-free medium, 30 ml of UltraCho medium (BioWhittaker, Walkersville, MD) was added to the transfected cells. Five days post transfection, the conditioned media, containing the Fc-fusion receptors, was harvested and subjected to protein-A affinity chromatography as described by Karow et al. (22) . Soluble forms of mIL-11R and mgp130 were cleaved from the Fc-portion using human rhinovirus 3c protease while bound to protein-A-Sepharose. The purified soluble proteins were examined using SDS-PAGE and, if necessary, purified by HPLC on a Superose 12 HR 10/30 gel filtration column attached to Ettan LC apparatus (Amersham Pharmacia Biotech). vIL-6, hLIF, mIL-11, and the site III mutant, W147A, were expressed as GST fusion proteins in the Escherichia coli strain JM109. Expression, purification, and cleavage of the proteins were carried out as previously described (42, 43) . For protein induction, cultures were grown at 37 C in Luria-Bertani medium plus ampicillin (100 mg/ml) until they reached a mid-log phase (A 600 ϭ 0.6 -0.8). Isopropyl-␤-dthiogalactopyranoside was then added to the culture to a final concentration of 0.1 mm and cultures incubated at 25 C for an additional 3 h. Intracellular fusion proteins were recovered from cell extracts by affinity binding to a slurry of glutathione-Sepharose (Pharmacia, Uppsala, Sweden). GST-fusion proteins were cleaved by either human rhinoviral 3C protease (mIL-11, W147A, and vIL6) or by human thrombin (hLIF). After digestion, the supernatant was combined with five washes of the gel matrix and dialyzed against PBS. Protein concentrations were determined using the Coomassie Blue Protein assay (Pierce, Rockford, IL).
Cell culture and ligand bioassays
Ba/F3 cells cultured in RPMI (Life Technologies Inc.) supplemented with 10% fetal calf serum, 1 mm glutamine, 1 mm penicillin, and 1 mm streptomycin were transfected with BCneo/mgp130, which encodes the entire open reading frame of murine gp130 (44) . The cells were selected on 600 g/ml G418 (Invitrogen, Paisley, UK). Stable Ba/F3-mgp130 transfectants were transfected with either pcDNA3/mIL-11R (33) or pcDNA3/murine LIF receptor (mLIFR) encoding the entire open reading frames of mIL-11R and mLIFR, respectively. Double transfectants were selected on 100 ng/ml mIL-11 or hLIF. Bioassays were carried out using transfected Ba/F3 cells. mIL-11 and the mIL-11 mutant, W147A, were tested for biological activity on Ba/F3-mgp130/mIL-11R cells and vIL-6 and hLIF on Ba/F3-mgp130/mLIFR cells using the 3-(4, 5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) proliferation assay as previously described (22) . Briefly, cells were washed in cytokine-free medium and cultured in 96-well plates at 1 ϫ 10 4 cells/well in the presence of various concentrations of cytokines. After 72 h at 37 C/5% CO 2 , 10 l of MTT was added and the plates incubated for a further 4 h. Fifty microliters of 10% sodium dodecyl sulfate (SDS)/0.01 m HCl were then added and the absorbance (A 570 ) determined after incubating overnight at 37 C. Assays were performed at least three times.
Isolation of human endometrial stromal cells
Endometrial tissues at different stages of the menstrual cycle were obtained with approval from the Oxfordshire Research Ethics Committee (Oxford, Oxfordshire, UK) and informed consent from women aged 20 -49 yr undergoing either hysterectomy for benign indications or sterilization. Patients had a regular 26 -33 d menstrual cycle and had received no hormonal medication in the preceding three months. Endometrial stromal cells were isolated with a protocol based on a method described previously (46) . Briefly, endometrial tissue was cut into small pieces and digested in 330 U/ml collagenase type I (Worthington Biochemical Corp., Lakewood, NJ) in DMEM for 1 h at 37 C. Stromal cells were separated from intact glands by filtration of the digested tissue through a 40-m gauze (Lockertex, Warrington, UK). The stromal cells in the filtrate were purified by centrifugation through a 25-60% Percoll step gradient, diluted in PBS, pelleted by centrifugation, and resuspended in PBS. The cells were plated into 75-cm 2 tissue culture flasks (10 6 /flask) maintained in DMEM supplemented with 10% heat-inactivated fetal bovine serum and 50 IU/ml-50 g/ml penicillin-streptomycin at 37 C in a humidified environment with 5% carbon dioxide. Stromal cells were used between passages 2 and 10.
Native PAGE assay
Equimolar concentrations (200 nm) of soluble mIL-11R and mgp130 were mixed together in the presence of various concentrations of wildtype mIL-11 and mutant mIL-11, W147A, in a total volume of 20 l of PBS, 0.05% Tween 20. Complexes were allowed to form overnight at 18 -20 C. Four microliters of native gel loading buffer [120 mm Tris (pH 6.8), 745 nm glycine, 50% glycerol, and 0.5% bromophenol blue] was added and each sample loaded onto a 4 -20% pre-cast Tris-glycine gel (Novex, San Diego, CA). The gel was run in native gel running buffer (24 mm Tris and 149 mm glycine) at 10 mA for approximately 6 h. The presence of protein bands was detected using a standard silver-staining assay (47) .
Western blot analysis
Following serum starvation for 4 h to reduce basal STAT3 phosphorylation, Ba/F3-mgp130/mIL-11R cells were stimulated with various concentrations of mIL-11 or with 0.5 ng/ml mIL-11 plus increasing concentrations of site III mutant, W147A, for 15 min at 37 C / 5% CO 2 . Cells were washed with PBS and solubilized in ice-cold lysis buffer [50 mm Tris HCl, 150 mm NaCl, 1 mm EDTA, 1 mm EGTA, 50 mm NaF, 1 mm sodium orthovanadate (Na 3 VO 4 ), 1% Triton X-100 plus 1 complete protease inhibitor tablet (Roche Diagnostics GmbH, Mannheim, Germany) per 10 ml lysis buffer]. Even amounts of whole cell lysates were loaded onto 4 -20% Tris-glycine gels and electrophoresed at 100 V for 1 h. Human endometrial stromal cells were plated at 5 ϫ 10 6 cells per well into six-well plates and incubated at 37 C/5% CO 2 for 48 h in DMEM supplemented with 0.5% charcoal-stripped fetal calf serum (Life Technologies, Paisley, UK), 100 IU/ml penicillin and 100 g/ml streptomycin to reduce basal levels of activated STAT3. Following starvation in serum-free medium for 24 h, cells were stimulated with various concentrations of recombinant human IL-11 [hIL-11 (R&D Systems, Abingdon, Oxon, UK)] for 10 min, 50 ng/ml hIL-11 for various times (up to 60 min) or with 10 ng/ml hIL-11 plus increasing concentrations of W147A for 10 min (37 C / 5% CO 2 ). Cells were then washed with PBS, solubilized in ice-cold lysis buffer [62.5 mm Tris-HCl (pH 6.8)], 2% SDS, 10% glycerol, 50 mm dithiothreitol, and 0.1% bromophenol blue) and heated at 96 C for 5 min. Even amounts of whole cell lysates were loaded onto 7.5% acrylamide gels and separated by electrophoresis (Amersham Pharmacia Biotech). For Western blotting, proteins were electro-transferred onto polyvinylidene difluoride (Millipore, Watford, Hertfordshire, UK) or nitrocellulose membranes (Bio-Rad, Hemel Hempstead, Hertfordshire, UK) using a standard protocol.
Analysis of STAT3 tyrosine phosphorylation
Membranes were blocked overnight in TBS buffer [20 mm Tris (pH 7.5), 150 mm NaCl, and 0.1% Tween 20] plus 5% BSA and subjected to immunodetection using specific antibodies, polyclonal anti-phospho (Tyr705) STAT3 and polyclonal anti-STAT3 (New England Biolabs, Hitchin, Hertfordshire, UK), according to the manufacturer's instructions. Membranes were then probed with secondary antirabbit horseradish peroxidase-conjugated antibodies (Amersham Life Science, Little Chalfont, Buckinghamshire, UK) and blots developed using Super Signal West-Pico Enhanced Chemiluminescence (ECL) (Pierce). For densitometric analysis, the density of the bands representing phospho-STAT3 and STAT3 were measured using AlphaImager 1220 Analysis and Documentation System software (Alpha Innotech Inc., Cannock, Staffordshire, UK) and expressed as the ratio of phospho-STAT3 to STAT3.
Results
mIL-11 site III mutant, W147A, inhibits mgp130/mIL-11 receptor complex formation induced by mIL-11
To test the effect of the mIL-11 site III antagonist, W147A, on the ability of mIL-11 to form a multimeric ligand-receptor complex, nondenaturing PAGE was performed on various combinations of mIL-11 and W147A in the presence of soluble receptors, mgp130 and mIL-11R. The results show that wild-type mIL-11, but not the mutant W147A, can induce the formation of a stable, high-affinity complex in the presence of soluble mgp130 and mIL-11R (Figs. 1 and 2, lane 1) . Previous studies (25) have confirmed that this complex contains two each of mIL-11, mIL-11R, and gp130 thus represents a hexameric ligand-receptor complex. However, W147A forms a dimeric complex with mIL-11R as shown by the presence of a smeared band (Fig. 1, lane 5 ) of similar molecular weight to mIL-11R (Fig. 1, lane 2) . This smearing probably results from dissociation of W147A from mIL-11R during the experiment. Decreasing the amount of mutant mIL-11 while simultaneously increasing the level of wild-type mIL-11 ( Fig.  1, lanes 6 -9) resulted in an increase in the level of the stable, high-affinity complex and a concomitant decrease in the smeared mutant mIL-11-mIL-11R complex. In addition, the specific antagonistic effect of W147A on the mIL-11/ mgp130/mIL-11R complex can be observed (Fig. 2) . As the concentration of W147A is increased with respect to stable concentrations of mIL-11, mgp130 and mIL-11R the level of the high-affinity complex decreases (Fig. 2, lanes 2-5) . These results show that W147A is able to compete with native IL-11, in a concentration-dependent fashion, in the formation of intermediate ligand-receptor species thus inhibits mIL-11/ mgp130/mIL-11R complex formation.
W147A antagonizes the proliferative response of Ba/ F3-mgp130/mIL-11R cells to wild-type mIL-11
The functional properties of mIL-11 and W147A were evaluated using a transfected Ba/F3 model system. Ba/F3 cells cotransfected with mgp130 and mIL-11R are able to proliferate in the presence of mIL-11 alone. We therefore measured the activity of wild-type mIL-11 or W147A on Ba/F3-mgp130/mIL-11R cell proliferation (Fig. 3) . As expected, mIL-11 stimulated growth of Ba/F3-mgp130/mIL-11R cells in a concentration-dependent manner. In contrast, W147A alone displayed no activity on these cells. Addition of W147A (at 200 ng/ml) inhibited mIL-11-mediated cell proliferation to approximately one third of its level observed in the absence of the antagonist. These results confirm that mutation of tryptophan-147 abrogates mIL-11 agonistic activity and thus is critically involved in mIL-11-induced proliferation of Ba/F3-mgp130/mIL-11R cells. In addition, W147A competes with wild-type mIL-11 antagonizing its ability to mediate Ba/F3-mgp130/mIL-11R cell growth. Thus, only gp130 dimerization, as induced by wild-type mIL-11, is sufficient for the initiation of intracellular events that lead to cell proliferation.
W147A has no effect on the proliferative activity of LIF or vIL-6 on Ba/F3-mgp130/mLIFR cells
The molecular basis of W147A antagonism is presumed to result from elimination of site III binding to gp130 and retention of site II binding to gp130. This latter interaction requires the presence of IL-11R bound through site I (33). This would suggest that the actions of W147A should be strictly dependent upon the presence of IL-11R because this interaction is required for Site II. This would in turn predict that W147A would be a specific antagonist for ligands, which bind the ligand-specific receptor IL-11R. We accordingly tested the ability of W147A to inhibit signaling via other gp130 ligands. hLIF induces the formation of a high-affinity heterodimeric signaling complex by association with the specific LIF receptor and gp130 shared receptor (15) . vIL-6 is a pan-gp130 agonist, which dimerizes gp130 in the absence of a ligand-specific receptor (48) . The functional properties of hLIF and vIL-6 in the presence and absence of W147A were evaluated using the transfected Ba/F3 system. Ba/F3 cells previously cotransfected with mgp130 and mLIFR were able to proliferate in the presence of either LIF (Fig. 4A) or vIL-6  (Fig. 4B) . W147A, at a concentration of 200 ng/ml, had no effect upon the activity of either ligand in the stimulation of mgp130/mLIFR transfected Ba/F3 cell growth. Collectively, these results demonstrate that W147A is a specific antagonist for ligands, which interact only with the IL-11R.
The growth-inhibitory activity of W147A is specific to mIL-11-mediated Ba/F3-mgp130/mIL-11R cell proliferation
To assess the effect of W147A on mIL-11 induced Ba/F3-mgp130/mIL-11R cell mitogenesis, cells were cocultured in the presence of 10 ng/ml mIL-11 with increasing concentrations of W147A (Fig. 5A ). At concentrations above 50 ng/ml, W147A inhibits the proliferative response of Ba/F3-mgp130/mIL-11R cells to wild-type mIL-11. This effect was concentration dependent. A high level of W147A (500 -1000 ng/ml) abolished mIL-11 induced mitogenic activity. W147A did not effect the ability of hLIF (Fig. 5B) or vIL-6 (Fig.  5C ) to induce mitogenesis in mgp130/mLIFR transfected Ba/F3 cells. Together, these data suggest that inhibition of mIL-11/mgp130/mIL-11R multimeric complex formation by W147A is linked to a reduction in mIL-11-induced Ba/ F3-mgp130/mIL-11R cell proliferation and therefore reduced cellular responses. This prompted an analysis of direct signaling events following receptor activation.
W147A antagonizes mIL-11 induced STAT3 tyrosine phosphorylation in Ba/F3-mgp130/mIL-11R cells
STAT monomers are tyrosine phosphorylated, allowing their homo-or hetero-dimerization and translocation to the nucleus where they regulate expression of various target genes (26, 49, 50) . STAT3 is strongly activated by IL-6 cytokines (51), thus to test the effect of W147A, on the Jak/STAT pathway we first had to verify that wild-type mIL-11 was capable of inducing tyrosine phosphorylation of STAT3 in the Ba/F3-mgp130/mIL-11R cell line (Fig. 6) . Phosphorylation of tyrosine-705, essential for dimerization and DNA binding, was detected after stimulation with 0.1 ng/ml mIL-11 (Fig. 6A, top) . The level of STAT3 tyrosine phosphorylation increases with increasing mIL-11 concentration, with maximal phosphorylation observed at a dose of 5 ng/ml (which is a significantly lower concentration than that required for maximal induction of cell proliferation). STAT3 levels across the samples were constant (Fig. 6A, bottom) . This confirmed that mIL-11 induces STAT3 tyrosine phosphorylation in Ba/F3-mgp130/mIL-11R cells in a dose-dependent manner. Stimulation of the Ba/F3-mgp130/mIL-11R cell line with 10 ng/ml mIL-11 resulted in activation of STAT3, within 5 min, which remains tyrosine-phosphorylated for over 4 h (data not shown). To determine the effect of W147A on mIL-11-induced STAT3 phosphorylation, Ba/F3-mgp130/mIL-11R cells were stimulated with 0.5 ng/ml mIL-11 in the presence of increasing concentrations of the mutant W147A (Fig. 6B) . As antagonist levels increased, the level of STAT3 tyrosine phosphorylation decreased (Fig. 6B, top) despite a constant level of STAT3 protein (Fig. 6B, bottom) . W147A (10 ng/ml) was enough to decrease the level of STAT3 phosphorylation. These data confirm that W147A antagonizes mIL-11 induced STAT3 pathway activation, a direct result of gp130 dimerization.
W147A antagonizes IL-11 STAT3 signaling in primary human endometrial cells
The results above confirm that, in transfected cell systems, W147A is a potent and specific antagonist of signaling events, such as STAT3 phosphorylation, which are mediated by ligands that interact with IL-11R. However, the practical utility of W147A requires that it is able to suppress IL-11-mediated signaling in therapeutically significant IL-11-responsive cell types. Studies of IL-11R knockout mice (11, 12) and examination of the effects of IL-11 on human endometrial stromal cells (52) (53) (54) have shown that IL-11R-mediated signaling is required for endometrial decidualization and consequent embryo implanta- tion. The human endometrium is a prime cellular target for blockade of IL-11 signaling because increased expression of IL-11 (and other IL-6 family cytokines) in endometrial tissues has been linked to the aberrant regulation of aromatase P450 expression in endometriosis (55) . In addition, IL-11/IL-11R stimulation of the Janus kinase/STAT pathway has been implicated in the regulation of P450 expression (55) . First, we tested the ability of hIL-11 to activate STAT3 in cultured human endometrial cells. Serum-starved early passage human primary endometrial cells were exposed to increasing concentrations of recombinant human IL-11 for 10 min (Fig. 7A) or to 50 ng/ml hIL-11 for increasing time periods (Fig. 7B) and examined for activation of STAT3. hIL-11 induced both dose-and timedependent activation of STAT3 tyrosine phosphorylation. To our knowledge, this is the first report on IL-11-mediated STAT signaling in cultured human endometrial stromal cells. We accordingly tested the ability of W147A to suppress STAT3 activation in these cells. Serum-starved cells were exposed to 10 ng/ml hIL-11 in the presence of increasing concentrations of W147A. At high concentrations (1-2 g/ml), W147A blocks the ability of hIL-11 to induce STAT3 phosphorylation (Fig. 8A ) above basal levels. This result was confirmed by densitometric analysis of phosphorylated and nonphosphorylated STAT3 levels (Fig. 8B) . The results of these experiments show that W147A blocks the ability of hIL-11 to activate STAT3 phosphorylation in these cells in dose-dependent fashion. It is also interesting to note that, in our hands, human endometrial cells exhibit detectable basal STAT3 phosphorylation, which is not suppressed by W147A (Fig. 8) . This presumably reflects endogenous activation of STAT3 via a non-IL-11R-dependent route. These results confirm that W147A can block IL-11-dependent signaling in a therapeutically important target cell, which exhibits IL-11 responsiveness.
Discussion
The four helical bundle family of cytokines elicit intracellular signaling via the sequential assembly of a high-affinity signaling complex by means of multiple ligand/receptor contacts (reviewed in Ref. 32 ). This mode of action provides a favorable situation for the creation of selective antagonists in which essential ligand/receptor contacts are abolished, whereas others are retained. The gp130 cytokines are an example of a situation in which both common and unique subunits are employed in the formation of a high-affinity receptor signaling complex (15) . In principle, the selectivity of antagonists in such a system depends on the retention of a high-affinity interaction with a unique receptor subunit and abolition of a second high-affinity interaction with a common receptor subunit. Here we apply this concept to the characterization of a high-affinity selective antagonist for the clinically important gp130 cytokine IL-11.
We have previously shown that IL-11 exhibits three sites of interaction with cognate receptors (33): site I, which interacts with IL-11R; site II, which interacts with the cytokine homology domain of gp130; and site III, which interacts with the Ig domain of a second molecule of gp130. Here we show that the mIL-11 mutant W147A, which is unable to interact with gp130 via site III, is a high-affinity selective antagonist of mIL-11 function. This activity arises from the ability of W147A to disrupt the formation of the high-affinity signaling complex in the presence of wild-type mIL-11 and mIL11-R. The selectivity of W147A arises from retention of the unique high-affinity interaction between mIL-11 and mIL-11R.
Solution phase studies using soluble receptor ectodomains have shown that IL-11 (like IL-6; Ref. 56) forms a highaffinity, hexameric receptor complex comprising of two molecules of IL-11, two molecules of gp130 and two molecules of IL-11R (27) . Here we show that the competitive addition of W147A in solution leads to the disruption of this hexameric receptor complex and induces the formation of a receptor complex containing just one molecule of the IL-11/IL-11R subunit. This activity is paralleled by the ability of W147A to competitively inhibit IL-11 signaling in transfected cells as measured by cell multiplication and activation of STAT3 phosphorylation. These effects on IL-11 signaling indicate that the antagonist action of W147A requires the concurrent presence of wild-type IL-11 in a signaling complex. This would indicate that, in live cells, the functional signaling unit is a hexamer. It has been argued on the basis of molecular modeling by Grotzinger et al. (29) that the hexamer represents an inert form of the receptor complex. They propose instead that the active complex is a tetramer with two gp130 molecules and one molecule of IL-11/IL-11R (29) . In this model, the inactive hexameric complex is generated by addition of another subunit of IL-11/IL-11R. Our findings suggest that two molecules of IL-11/IL-11R are required to elicit signal transduction via dimerization of gp130.
Cytokine antagonists have proved to be powerful tools in the dissection of ligand-dependent signaling processes in vitro and in vivo. For example, LIF05 is a specific high-affinity antagonist of ligands that signal via the LIFR (57), which has been employed to dissect LIFR-mediated signaling in a number of cell systems (58, 59) . A high-affinity and specific IL-11 antagonist should be valuable in studying and manipulating IL-11 responses in therapeutically significant cell types. Thus, disruption of IL-11R signaling in mice has revealed an essential role for IL-11 signaling in the endometrium for successful embryo implantation and we have shown in this study that W147A can suppress IL-11 signaling in endometrial cells cultured in vitro. This result indicates that W147A should be a potent agent for modifying uterine receptivity in vivo.
